Nine new 3-(3-chlorobenzyl)-5-arylidenefuran-2(5H)-ones were prepared in 20 -87 % yields by reaction of 3-(3-chlorobenzyl)furan-2(5H)-one with pertinent aldehydes. All compounds were fully characterized by IR and NMR spectroscopy as well as MS spectrometry. The phytotoxic properties of the synthesized lactones were evaluated as the ability to interfere with the growth of Sorghum bicolor and Cucumis sativus seedlings at 10 ppm and 100 ppm. Lactone 12, at 10 ppm, was the most active and selective, inhibiting the S. bicolor and C. sativus root growth by 70.7 % and 10.7 %, respectively. At 10 ppm, lactone 14 caused the larger effect on the inhibition (41.9 %) of C. sativus. In general, the results indicate the influence of the benzylidene ring substitution on the phytotoxic activity.
Introduction
Over the years agrochemical companies have developed and brought to the market a myriad of chemical agents that have assisted farmers to control a variety of pests and diseases, including weeds [1] . Herbicide application has become the most reliable and least expensive tool of weed control [2, 3] . However, repeated use of the same active ingredients has led to herbicide resistance [4, 5] . Starting from the 1960s, hundreds of weed biotypes were reported to survive herbicide application [6] . As a consequence, there is a constant need for the development of new herbicides to overcome weed resistance. Moreover, modern herbicides should have a favorable combination of properties such as high levels of herbicidal activity, low application rates, crop tolerance, and low toxicity to mammals.
In the last few years, the great variety of compounds available from nature has been explored in the search for new agents to control weeds [7, 8] . This approach has afforded compounds that have been used directly as herbicides [9] . Moreover, natural products may provide novel lead compounds that may be optimized using well-established strategies [10, 11] .
Within the frame of a long-established research, we have been using natural products as prototypes for the preparation of new active principles to control weeds [12 -19] , insects [20 -22] and nematodes [23, 24] . In this context, we have been utiliz-0932-0776 / 09 / 0200-0245 $ 06.00 c 2009 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com Fig. 1 . Structures of nostoclides (1), cyanobacterin (2) , and nostoclide analogs (3, 4 and 5) .
ing the nostoclides 1 as lead structures for the search of new herbicides [17 -19] . Originally isolated from the culture of a symbiotic cyanobacterium, Nostoc sp., in Peltigera canina [25] , the nostoclides are structurally similar to the potent phytotoxin cyanobacterin (2) (Fig. 1) . Synthetic efforts led to the preparation of a variety of nostoclide analogs possessing the general structures 3 and 4 [18, 19] . It was demonstrated that several analogs were able to significantly inhibit the electron flow in isolated chloroplasts from water to K 3 [Fe(CN) 6 ]. As a general trend, it was found that the inhibitory potential of lactones of the type 4 is higher than that of other nostoclide analogs.
A basic structure-activity relationship study performed by Gleason's group [26] with cyanobacterin (2) showed that the halogen on the benzyl aromatic ring and the hydroxyl group at the C-3 position are essential for the phytotoxic activity associated with this compound [27 -30] . In view of the structural similarity between the nostoclides 1 and the cyanobacterin (2), and also considering our interest in using the former as lead structures for the development of novel herbicides, we decided to investigate if lactone analogs of nostoclides 1 possessing a chlorine atom attached to the benzyl aromatic ring (Fig. 1 , general structure 5) would display phytotoxic activity. In this investigation, we describe the synthesis and structural characterization of a series of 3-(3-chlorobenzyl)-5-arylidenefuran-2(5H)-one analogs of nostoclides 1. The results of the investigation of the phytogrowth activity of these derivatives on Sorghum bicolor and Cucumis sativus, at two different concentrations, are also discussed.
Results and Discussion
The new 3-(3-chlorobenzyl)-5-arylidenefuran-2 (5H)-one derivatives were prepared as depicted in Scheme 1. Treatment of furan-2-yl N,N,N ,N -tetraethyldiamidophosphate (7), a compound readily available from lactone 6 [20] with n-butyllithium promoted a regioselective lithiation at the C-3 position of the furan ring. The in situ generated organolithium reagent was captured with 3-chlorobenzyl bromide affording compound 8 which was not isolated. The alkylated product was treated with formic acid yielding lactone 9 in 50 % overall yield (from compound 7). In the next step, substance 9 was converted to a variety of adducts (general structure 10) via reaction with different aldehydes in the presence of diisopropylethylamine (DIPEA) and tert-butyldimethylsilyltrifluoromethanesulfonate (TBDMSOTf). The adducts were not isolated, and the elimination of the TBDMSO group from them was achieved by addition of 8-diazabicyclo [5.4 .0]undec-7-ene (DBU) to the crude reaction mixture, resulting in the formation of the nostoclide derivatives 11 -19 in yields ranging from 20 % to 87 % (Scheme 1). The structures of the synthesized derivatives were confirmed based on IR, NMR and MS techniques. The infrared spectra showed strong absorptions varying from 1735 to 1773 cm −1 corresponding to the C=O stretching. The molecular ion peaks were observed in all mass spectra confirming the molecular formulas of the final products. The number of 13 C NMR signals was consistent with the corresponding structures of the derivatives. Two-dimensional NMR techniques (HMBC and HSQC) assisted in the 1 H and 13 C NMR assignments.
Under the reaction conditions specified in Scheme 1, it was found that the elimination of the tert-butyldimethylsilyloxy group (TBDMSO) of 10 led to the formation of the corresponding Z isomers except for compound 19 from which the E stereochemistry was obtained. In the case of the Z stereoisomers, the geometry of the double bound was confirmed by the observed correlation between the H-4 and H-6 signals in the NOESY contour plots. On the other hand, the absence of such correlation in the contour plot of compound 19 accounted for the E stereochemistry of the exocyclic double bond. The rational for these stereochemical outcomes has been discussed recently in the literature [31] .
The effects of compounds 11 -19 on radicle growth of the monocotyledonous test species S. bicolor are summarized in Table 1 .
All compounds caused a significant inhibitory effect on the radicle growth of S. bicolor. None of the compounds exerted a significant effect on the germination rate. From a qualitative point of view, it is evident from Table 1 that the activity of the lactones varies with the substituent of the benzylidene ring. At the higher concentration, compound 12 was the most effective causing 75.8 % inhibition while derivative 19 displayed 43.3 % inhibition.
The phytotoxic activity of the lactones 11 -19 was further investigated on Cucumis sativus, a dicotyledonous species (Table 1) . As a general trend, the inhibitory effects on this species were less pronounced compared to S. bicolor. In fact, at the higher concentration stimulatory effects were observed for compounds 12, 17, and 19. Considering inhibitory effects at 100 ppm, compounds 14 and 18 showed equipotent effects being the most actives against C. sativus. On the contrary, the fluorinated analogs 13 and 16 corresponded to the less active compounds inhibiting, respectively, by 17.6 % and 16.1 % at 100 ppm. It is worth to mention the variability in plant susceptibility, as observed for compounds 11 -19 during the biological evaluation on S. bicolor and C. sativus, which is a promising feature toward the development of new selective herbicides.
Experimental Section

General procedures
All reactions were carried out under a protective atmosphere of dry nitrogen or dry conditions utilizing a calcium chloride tube adapted to the reaction flasks. Dichloromethane, tetrahydrofuran (THF), diethyl ether, and amines were purified as described in the literature [32] . Commercially available tert-butyldimethylsilyltrifluoromethanesulfonate (TBDMSOTf), diisopropylethylamine (DIPEA), 8-diazabicyclo [5.4 .0]undec-7-ene (DBU), phosphoryl chloride (POCl 3 ), 3-chlorobenzylbromide, and aldehydes were purchased from Aldrich (Milwaukee, WI, USA) and utilized without further purification. Lactone 6 was synthesized in 43 % yield from furfural employing a published methodology [33] . Commercially available n-butyllithium hexane solutions (1.4 mol L −1 ) were titrated prior to use [34] . The 1 H and 13 C NMR spectra were recorded on a Varian Mercury 300 instrument at 300 and 75 MHz using CDCl 3 as solvent and TMS as internal standard. Mass spectra were recorded on a Shimadzu GCMS-QP5050A instrument by direct insertion, in EI mode (70 eV). Infrared spectra were recorded on a Perkin Elmer Paragon 1000 FTIR spectrophotometer, using potassium bromide (1 % w/w) disks, scanning from 635 to 4000 cm −1 . Melting points are uncorrected and were obtained from an MQAPF-301 melting point apparatus (Microquimica, Brazil). Analytical thin layer chromatography analyses were conducted on aluminum-packed precoated silica gel plates.
Column chromatography was performed over silica gel (60 -230 mesh).
Synthesis 3-(3-Chlorobenzyl)furan-2-5(H)-one (9)
A 25 mL two-necked round-bottom flask was charged under nitrogen atmosphere with furan-2-yl-N,N,N ,N -tetraethyldiamidophosphate (7) (252 mg; 0.90 mmol) and anhydrous THF (3.0 mL). The mixture was cooled to −78 • C under continuous stirring, and n-butyllithium (0.5 mol L −1 in hexane, 2.8 mL; 1.4 mmol) was then added dropwise over 8 min. The mixture was kept under continuous stirring at −78 • C for 30 min, 3-chloro benzyl bromide (0.2 mL, 1.68 mmol) dissolved in anhydrous THF (3.0 mL) was then added dropwise over 8 min, and stirring was continued at −78 • C for 30 min. The reaction mixture was allowed to warm up to r. t. under continuous stirring. Water (5.0 mL) and ethyl acetate (20 mL) were added, the phases were separated, and the aqueous layer was extracted with ethyl acetate (2 × 20 mL). The organic extracts were combined, washed with brine (10 mL), dried (magnesium sulfate), filtered, and concentrated under reduced pressure. To the resulting oily residue, formic acid (1.0 mL) was added. The resulting mixture was stirred at r. t. for 45 min, benzene (3.0 mL) was then added, and the excess of formic acid was removed under reduced pressure. To the residue, ethyl acetate (10 mL) and a sodium chloride-sodium carbonate saturated aqueous solution (3.0 mL) were added. The organic phase was washed twice with the latter solution (2 × 10 mL). The combined aqueous phases were extracted with ethyl acetate (2 × 10 mL). The combined organic phases were dried over magnesium sulfate, filtered, and concentrated under reduced pressure. The resulting oil was purified by silica gel column chromatography (hexane/diethyl ether 2 : 1 v/v), and the lac- 
(5Z)-3-(3-Chlorobenzyl)-5-(1,3-dioxalenebenzylidene) furan-2(5H)-one (12)
A solution of compound 9 (208 mg; 1.0 mmol) and piperonal (180 mg; 1.2 mmol) in anhydrous dichloromethane (3.0 mL) was placed in a 25 mL two-necked round-bottom flask, and the system was kept under nitrogen atmosphere at r. t. To this solution, tert-butyldimethylsilyltrifluoromethanesulfonate (TBDMSOTf, 0.17 mL; 0.74 mmol) and diisopropylethylamine (DIPEA, 0.31 mL; 1.2 mmol) were added. The resulting reaction mixture was stirred at r. t. for 1 h, and then 1,8-diazabicyclo [5.4 .0]undec-7-ene (DBU, 0.12 mL; 1.22 mmol) was added, followed by a 3 h reflux. The reaction mixture was diluted with dichoromethane (70 mL) and washed with hydrochloric acid (3 mol L −1 , 2 × 25 mL), followed by brine (2 × 25 mL). The organic phase was dried with magnesium sulfate, filtered, and concentrated under reduced pressure to produce a yellow solid. This residue was purified by silica gel column chromatography eluted with hexane/dichloromethane Compounds 11, 13 -19 were prepared employing a procedure similar to that described for compound 12, and yields are presented in Scheme 1. Structures of lactones 11, 13 -19 are supported by the following spectroscopic data: , 1 H, 6-H), 6.98 (s, 1 H, 4-H 
Root elongation assays on Petri dishes with seeds of Sorghum bicolor and Cucumis sativus
The biological assay was carried out as previously described [35] with seeds of S. bicolor and C. sativus at 10 ppm and 100 ppm. Stock solutions at 100 ppm of each tested compound were prepared as follows: Each compound was dissolved in xylene (24 µL), with surfactant Tween 80 (36 µL) and pentan-3-one (12 µL). The resultant suspension was shaken for 1 min and then transferred to a volumetric flask and the volume supplemented with water to 50 mL. The resultant suspension was sonicated for 5 min. The 10 ppm solutions were prepared diluting the 100 ppm ones accordingly.
The biological assays were conducted in Petri dishes (i. d. = 9 cm) lined with two sheets of filter paper. Groups of twenty seeds along with 4 mL of the solution contaning the compound to be tested were placed in Petri dishes. The Petri dishes were sealed with Parafilm and incubated at 25 • C under fluorescent light (8 × 40 W) in an incubator for 3 d. Radicle length was measured and total germination recorded. Seeds were considered to have germinated if a radicle protruded at least 1 mm. Controls were included using xylene, pentan-3-one and surfactant Twen 80. Each bioassay was replicated five times in a completely randomized design. The percentage of radicle growth inhibition was calculated in relation to the root length of the control. The data were analyzed using Tukey's test at 0.05 probability level.
